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We derive the most minimal see-saw texture from an extra-dimensional dynamics. It predicts #13 = 
0.078 ± 0.015 and m ee = 2.6 ± 0.4 meV. Assuming thermal leptogenesis, the sign of the CP-phase 
measurable in neutrino oscillations, together with the sign of baryon asymmetry, determines the order 
of heavy neutrino masses. Unless heavy neutrinos are almost degenerate, successful leptogenesis fixes 
the lightest mass. Depending on the sign of the neutrino CP-phase, the supersymmetric version of 
the model with universal soft terms at high scale predicts BR(^i — > ej) or BR(r — > ^7), and gives a 
lower bound on the other process. 



Introduction 

The minimal see-saw jlj] texture that allows to ex- 
plain the solar and atmospheric neutrino anomalies in 
terms of oscillations contains two heavy singlet neutri- 
nos 7V atm and N sun coupled as B 



iff 



SM 
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M, 



sun jy-2 

sun 



(1) 
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+A sun HN sun {sL e + c + L T ) 

+ A a tm-£i r A' a t m (0-L e + Satm-^/i + C a t m L T ), 

where Mi, Xi, <j), s and s a tm are free parameters. We 
abbreviate Sj = sin#.;, Cj = cos 0i, U = tan#;. Nothing 
can be removed from this 'most minimal texture' with- 
out generating conflicts with present data. The phase 
<j) is the unique source of CP-violation in the lepton 
sector ||. Possible connection j|, || between the sign 
of the observed baryon asymmetry of the universe and 
the CP-violation in neutrino oscillations via cj> was the 
original motivation of the model g, ^ . This texture is 
predictive also if the zeros are replaced by sufficiently 
small numbers. 

In this letter we motivate the model (Q) and show in 
detail how it can be tested using low and high-energy 
observables. After deriving predictions for neutrino 
experiments, we clarify that the sign of the baryon 
asymmetry, together with the sign of the neutrino CP- 
violation in oscillations, determines a discrete ambigu- 
ity of the model: the order of M sun and M atm . Success- 
ful leptogenesis |(| fixes the mass of the lightest heavy 
neutrino. In the supersymmetric version of the model, 



either BR(/i — > ey) or BR(r — * ^7) is predicted, de- 
pending on the sign of the neutrino CP-phase. The 
other process is a function of the heaviest singlet neu- 
trino mass only, and has a lower bound. 

At first sight the texture ([l]) looks quite artificial: 
e.g. we do not know how a U(l) flavour symmetry could 
justify it. However, (|l|) can be easily obtained from 
extra-dimensional models. Following we consider a 
5-dimcnsional fcrmion 'fy(x) in presence of a domain 
wall (p(xs). The system is described by the action 



The Kaluza-Klein spectrum of ^ contains a masslcss 
chiral mode localized around x§ = x%, where X<p{x%) = 
m. When (p(x§) can be approximated with a linear 
function, the chiral zero mode has a Gaussian profile in 
the extra dimension with A-dependent width. Assum- 
ing that the Higgs H is not localized, small Yukawa 
couplings between TV and L are naturally given by a 
small overlap between their wave functions as depicted 
in the figure below 
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This setup naturally generates the desired matrix of 
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Figure 1: Prediction for #i 3 and present bound from 
CHOOZ and SK. The arrows indicate the expected sen- 
sitivity of future experiments. 



Yukawa couplings 
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(where e is a free parameter) and suppresses iV sun iV a t m 
mixing mass terms. While we do not gain any new 
insight proceeding along this route, we are motivated 
to study the implications of the model. 

Neutrinos 

The model (0) predicts the following Majorana mass 
matrix for the light neutrinos: 
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-^atm plays the role of 'dominant right-handed neu- 
trino' H . Neutrinos have a hierarchical mass spectrum 
and the lightest neutrino is masslcssf]. At leading order 

'An alternative minimal texture, where N Bun couples to L T 
rather than to L M , is equally acceptable. Its predictions con- 
cerning neutrinos can be obtained exchanging in the equations 
below 623 *-* t/2 — $23 . At the moment atmospheric data do not 
distinguish between them. 

If the singlet neutrinos have a pseudo-Dirac mass term 
M iV sun Ar atm , rather than the masses of eq. (Q), one gets light 
neutrinos with inverted mass hierarchy. Without fine-tuning its 
parameters, the resulting texture predicts #12 ~ 7r/4 which is 
strongly disfavoured by the present data. 



in e, the oscillation parameters are 
'atm > Oj 



Am 2 -- 2 



'atm 



AmL = RAml t 



with R = e 2 (s +c c atm ) . We define m s 



The mixing angles in the standard notation are 
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The neutrino mixing matrix V relating the mass eigen- 
states i>i to the flavour eigenstates, vi = Vui>i, is 

V = diag(l,e-^,e-^) ■ i? 23 (^ 3 ) • diag (1, e^, 1) 
■iii3(M--Ri2(M-diag(l,l,e^), 



where Ri 



represents a rotation by Oij in the ij 



plane. The first phase matrix in V is unphysical and 
can be absorbed into the phases of (L e , L^, L T ). The 
last phase matrix contains a practically unmeasurable 
Majorana phase. The phase matrix in the middle de- 
termines that the CP-violating phase in oscillations 
(observable in the planned experiments) is exactly the 
phase in (jl|). A 'positive' phase, < <f> < f induces 
P(y e -> v,j,) > Piv^ -> u e ) = P(D e -> P M ) in vacuum 
oscillations with baseline L < 2irE„/ Am 2 un . 
Therefore this model predicts (see also B) 
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where m ee is the ee element of the neutrino mixing 
matrix to be measured in neutrino-less double-beta 
(0^2/3) decay experiments. Present atmospheric neu- 
trino data indicate Am 2 tm sa 2.7 10~ 3 eV 2 and t\ z f=a 1 
||. Solar and reactor data (loj [llj indicate Am 2 un f=a 
7.0 10" 5 eV 2 and tan 2 6» 12 « 0.45 (another solution 
with a sligthly higher value of Am 2 is somewhat dis- 
favoured by data, see Fig. ||). Combining present at- 
mospheric and solar datan, we obtain the predictions 



6»i3 = 0.078 ±0.015, 



2.6±0.4meV. (3) 



The predicted value of m ee is below the sensitivity 



of the planned next-generation 0/^2/3 experiments [13 
Therefore we focus on studying #13. 

Fig. [j] shows the A\ 2 distribution for the predicted 
013, compared with the present bound from CHOOZ Q| 



2 A function x 2 (p)> extracted from a global up-to-date fit of 
solar and atmospheric data, contains the present information on 
the parameters p = {6 sun , 6» a tm, Am 2 un , Am 2 tm }. In Gaussian 
approximation, the present information on a parameter a = f(p) 
is then extracted computing x 2 ( a ) = mm p:/(p)=a X 2 (p)- X 2 ( a ) 
is 'distributed as \ 2 with 1 degree of freedom'. In Baycsian 
inference this means that the probability of different a values is 
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Figure 2: Best-fit values of the solar oscillation parameters, as obtained from solar and KamLAND data. 



and SK @ (0i3 < 10° at 90% CL). Its structure re- 
flects the presence of local minima at different values 
of Ato 2 u11 in our global fit of solar and KamLAND 
data, see Fig. ||a. With more statistics, KamLAND 
will be able to measure the solar oscillation parame- 
ters with few % error Jl2] |. Long baseline experiments 
will measure the atmospheric parameters with few % 
error |l5[ ], allowing to predict #13 with ~ 10% error. 
First-generation long-baseline experiments will be sen- 
sitive to 6*i3 > 0.08 [|l5). The whole predicted range for 
#13 can be covered at second-generation experiments, 
such as JHF |n§. 

So far we have discussed the predictions for the 
light- neutrino mass matrix m v . Within this model, os- 
cillation experiments have already fixed it, except for 
the CP-violating phase. Future experiments will test 
the model. To get information on the heavy neutrino 
masses in (|l|), and to test the high-energy part of the 
model, we need an additional input from leptogenesis. 

Leptogenesis 

The decays of the lightest right-handed neutrino, 



Ni = N m 



or iV a 



generate a lepton asymmetry only in L M (see ([!])). The 
generated lepton asymmetry is then converted into a 
baryon asymmetry by sphalerons ]16| ]. The baryon-to- 
entropy ratio in the non-supersymmetric model is given 

by 

n B /nnr . , „ ,„n .. ^-10 _ 3e77 



(0.85 ±0.15) x 1(T 



(4) 



s 2183' 
where e is the CP-asymmetry in N\ decays and 77 < 1 is 
an efficiency factor, determined by solving the relevant 
set of Boltzmann equations |l7| . 

In Fig. ||a we show the iso-curves of the predicted 
ub/s in the (M sun ,M atm ) plane assuming the best-fit 



values of oscillation parameters. Unless the heavy neu- 
trinos are extremely degenerate, which we regard as a 
fine tuning, Fig. || implies that the A^i Yukawa cou- 
plings arc sufficiently large that Ni quickly reaches the 
thermal abundance and washes out the lepton asym- 
metry eventually generated by the heavier singlet neu- 
trino. 

The main features of leptogenesis in this model can 
be understood by simple analytic approximations as 
follows. 



If M sun « M a 



3 m atm M sl 



^23 



16tt 



1 + c 23*12 



■ sin ( 



For Mi < 10 14 GeV only AL = 1 washout scat- 
terings contribute to the efficiency factor, and 77 
is approximately given by |p7| p| 

n w 1.5 10~ 4 cV/to, 

where the effective mass to is given only in terms 
of the interactions in ([!]). The texture predicts 
at the best-fit point 

c 2 

to = TO sun -i2- w 0.01 eV. 

c 23 

Thus n ~ 0.01. The observed baryon asymmetry 
is obtained for <fr < and A/ sun « 10 11 GeV/| sin0| 
independently of M atm . 



If A/atm < M s 



3 TO sun M at 

111 



'23 



16tt 



b atm'"-atm 



0.03 eV, 

3 Fig. |3| is obtained from an accurate numerical computation, 
performed along the lines of [[nj . We include important thermal 
corrections to the Higgs mass rrin and use the values of top 
Yukawa coupling At, fh and m a tm renormalizcd at the Ni mass 
(AL = 1 washout scatterings depend on mjj and At). 
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Figure 3: Heavy neutrino masses M sun and M atm which imply successful leptogenesis for |sin</>| = 1 and for 
LMA best- fit oscillations. The left (right) plot refers to the non- super symmetric (supersymmetric) minimal 
see-saw model. In the supersymmetric case we also show the contour lines of BR(/i — > ej) and BR(r — > uj) 
assuming m = 100 GeV, M 1/2 = 150 GeV, A = 0, tan/3 = 10. 



thus n ~ 0.003. The observed baryon asymmetry 
is obtained for > and M atm r* 10 12 GeV/| sin (ft 
independently of M suri . 



• If M. 



the CP-asymmetry is enhanced 
[ [l8[ by l/|M atm — M sun | and reaches a maximum 
e ~ 1 when the mass difference is comparable to 
the decay widths. The observed baryon asymme- 
try can be obtained for a large range of relatively 
low heavy neutrino masses. Its sign still depends 
on which singlet neutrino is heavier, and it does 
not fix the sign of CP-violation in oscillations. 

To summarize, Fig. ^| implies that we need to know 
both the sign of (ft and the sign of the baryon asymme- 
try to determine the discrete ambiguity of the model: 
the mass ordering of the heavy neutrinos. For hier- 
archical heavy neutrinos leptogenesis determines the 
mass of the lightest one, but does not test the model. 

Super symmetry and lepton flavour violation 

If nature is supersymmetric, it could be possible to 
fix and test the high-energy part of the model. For 
leptogenesis and neutrino masses the presence of su- 
persymmetry changes only few 0(1) coefficients: (i) 
the vacuum expectation value v is replaced by wsin/3; 
(ii) the CP-asymmetry e becomes 2 times larger when 
M sun and M atm are hierarchical [|l9) (iii) numerically 



cq. (Q) remains practically unchanged since the num- 
ber of model degrees of freedom is about doubled; (iv) 
washout becomes more efficient ||(| : 

?] m 0.3 10~ 4 cV/m. 

The final result is shown in Fig. |^b which differs from 
Fig. |aby a small factor. Both for (ft > and (ft < we 
observe a potential conflict between obtaining a suc- 
cessful thermal leptogenesis and avoiding overproduc- 
tion of gravitinos pl[ in this model. If gravitinos do 
exists, they either must be heavier than m^,> lOTcV 
in order to allow the mass-scales of Fig. Bp, or, for 
nig ~ 1 TeV, one must have Mi < 10 8 GeV. The last 
condition is satisfied only when M sun and Af atm are 
almost degenerate. 

In supersymmetric extensions of the see-saw model, 
the renormalization effects due to the neutrino Yukawa 
couplings imprint lepton flavour violation in the slcp- 
ton masses p2] | . Assuming that soft terms are universal 
at the unification scale (a hypothesis that collider ex- 
periments can partly test), in a generic see-saw model 

2 



-mssm + ^NiNj + N l VH u , 



the correction to the 3x3 mass matrix of left-handed 
sleptons is given by 
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(16tt) : 
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In general see-saw models the presence of too many 
uncontrollable neutrino parameters does not allow to 
make real predictions on lepton flavour violation (LFV) . 
The present model allows us to compute the [i — > 
and r — > fi'y rates [^3) (and related LFV processes |24|]) 
in terms of the two high-energy parameters M sun and 
Af atm . Assuming that thermal lcptogenesis generates 
the observed baryon asymmetry, we get predictions 
more sharp than what suggested by a naive counting 
of the number of free parameters. Barring the case 
of almost degenerate singlet neutrinos M sun « M atm 
(where only the ratio 



BR (// — > cy) 
BR (r /x 7 ) 



sin 2 26>i2 



m5 TT Am 2 tm sin 2 26> 23 cos 2 6*23 



0.2 



(5) 



can be predicted), lcptogenesis fixes the mass of the 
lightest singlet neutrino allowing to compute its Yukawa 
couplings, and consequently, the LFV rates that it in- 
duces. The predictions depend on the sign of the CP- 
violating phase (f> measurable in oscillations. 

• If <fi < 0, Ni is N sun , BR(^i — > ey) can be pre- 
dicted while BR(r — -> /ry) remains a function 
of a single unknown parameter, Af atm . Since 
Afatm > M sun the model also predicts a lower 
bound on BR(r — > fi'y). 

• If instead (j> > 0, N\ is -/V atm , BR(t — > fi'y) can 
be predicted, together with a lower bound on 
BR(/i — ► ei). The latter is a function of the 
unknown M sun > M atm . 

As usual, the predicted LFV rates depend on sparti- 
cle masses which can be measured at colliders. Tak- 
ing into account naturalness considerations and ex- 
perimental bounds, we give our numerical examples 
for m Q = 100 GeV, M 1/2 = 150 GeV, A = and 
tan/3 = 10. In Fig. ||b we show the iso-curves of 
the LFV processes for this input, assuming the best- 
fit oscillation parameters. The branching ratios are 
calculated by solving numerically the renormalization 
group equations and using exact formulae in |^3| . Both 
BR(// — > ey) and BR(t — * fi'y) can be in the reach of fu- 
ture experiments ]25fl . Their behavior is approximately 
given by 



BR(/we7) w 2.7rl0~ 12 
BR(r^^ 7 ) w 1.5 r KT 11 



10 12 GeV7 ' 
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where the logarithmic dependence on the heavy masses 
is neglected and we have introduced an approximate 
scaling factor 



tan/?\ 2 /150GeV x 4 



10 



V m SUSY 



(r = 1 at our reference point) in order to show the 
dominant dependence on supersymmetric model pa- 
rameters. In particular, the branching ratios decouple 
as 1/nigugY if sparticles arc heavy. When sparticles 
masses will be measured, it will be possible to present 
more precise predictions. 

For hierarchical heavy neutrinos, for | sin 0| = 1, 
and for the LMA best-fit oscillation parameters, the 
predictions are 



and 



BR(t 



BR(r 
BR(/i 



■ei) w 2r 10" 13 
/i7)>3r 10" 12 



H<y) Ri 7r 10 
ei) >r 10" 11 
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for 



for 



<0, 



> 0. 



These results imply that, if also r — > /17 is observed 
for (j> < 0, or if \l — * ej is observed for <fi > 0, all the 
model parameters in ([!]) can be entirely determined. 

In this model the electron and muon electric dipole 
moments [^6| and r — » ej are generated at a negligible 
level. 

Conclusions 

Unlike the general see-saw model (27), the most min- 
imal see-saw model ([!]) allows to determine the low 
energy neutrino mass matrix entirely from neutrino os- 
cillation experiments. The model predicts eq.s (g), (^). 
The sign of the oscillation CP-phase, together with the 
sign of the baryon asymmetry, fixes the order of the two 
heavy neutrino masses. Unless they are almost degen- 
erate, successful thermal leptogenesis determines the 
lightest of them. The supersymmetric version of the 
model predicts either BR(^ — ► e-f) or BR(t — > /17), 
depending on the sign of <f>. The other process remains 
a function of the heavier neutrino mass only, and has a 
lower bound on its branching ratio. If the heavy neu- 
trinos are almost degenerate, the model predicts only 
the ratio BR(/i — ► e7)/BR(r — > ni) according to (||). 
Observation of the LFV processes allows in principle 
to fix all the model parameters in (Q), and to test its 
high-energy part. 
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